I -Rh III Rh 2 -Cl 2 (μ-H)(μ-η 2 ,κ 2 -C,N-NC 5 H 4 -2-(Z)CH=CH)(PPhMe 2 ) 3 ha sido preparado por reacción de [Rh(μ-Cl)(η 2 -coe) 2 ] 2 con 2-vinilpiridina en presencia de dimetilfenilfosfina, como resultado de la activación C-H del protón terminal de la olefina. La estructura de rayos-X presenta enlaces anagósticos Rh···HC, así como interacciones π-π entre anillos aromáticos. Por otro lado, la reacción con 1-vinilpirazol no da lugar a una activación C-H sino que se observa la formación de una especie dinuclear soportada por ligandos 1-vinilpirazol puente. Diferentes interacciones anagósticas Rh···HC y de enlace de hidrógeno CH···Cl son responsables del empaquetamiento tridimensional del complejo. Palabras clave: Activación C-H; Vinilpiridina; Vinilpirazol; Rodio; Complejos Dinucleares.
Introduction
Transition-metal mediated C-H activation has become a pivotal tool for synthetic chemists [1] . The presence of a nucleophilic directing group typically promotes the selective cleavage of the C-H bond by approaching it to the metallic center. In this context, pyridine and pyrazole scaffolds constitute a prevalent family of auxiliaries which have been successfully applied in the activation of aromatic, olefinic or even aliphatic C-H bonds [2] . Nevertheless, in order to exert a better control on the catalytic performance, a detailed knowledge of the mechanism of the process is essential. Therefore, stoichiometric reactivity studies on selected organometallic precursors with substrates amenable for C-H activation is of great interest.
In this context, our research group has recently disclosed new catalytic coupling reactions between 2-vinylpyridine [3] and 1-vinylpyrazole [4] with alkynes mediated by rhodium catalysts bearing N-heterocyclic carbenes (NHC) [5] . In both catalytic systems C-H activation of the heteroaromatic olefin has been proposed as key step. Interestingly, a rhodium-hydrido-IPr {IPr = 1,3-bis- (2,6-diisopropylphenyl) imidazol-2-carbene} intermediate could be detected in the case of 1-vinylpyrazole but similar species was not observed for 2-vinylpyridine (Scheme 1). We now hypothesize that reducing the steric hindrance of the two-electron donor ligand present in the catalyst precursor, by replacing the bulky NHC ligand with a small phosphine, may help in the stabilization of the hydrido-vinyl-rhodium(III) species. Thus, we present herein the very different reactivity of 2-vinylpyridine and 1-vinylpyrazole with a rhodium(I) precursor in the presence of less sterically encumbered dimethylphenylphosphine ligand.
Results and discussion
Treatment of an orange toluene solution of [Rh(μ-Cl)(η 2 -coe) 2 ] 2 (1) (coe = cyclooctene) with 2-vinylpyridine and dimethylphenylphosphine (P:Rh ratio of 2:1) led, after 1 h at room temperature, to the formation of a red solid characterized as the Rh I -Rh III mixed valence dinuclear complex Rh 2 Cl 2 (μ-H) (μ-η 2 ,κ 2 -C,N-NC 5 H 4 -2-(Z)CH=CH)(PPhMe 2 ) 3 (2) . When the reaction was conducted under the same conditions with the correct stoichiometry (P:Rh ratio of 1.5:1), the dinuclear derivative 2 was isolated in 73% yield (Scheme 2). Complex 2 is the result of the C-H bond activation in 2-vinylpyridine to form a hydrido-Rh III -alkenyl cyclometalated intermediate, which is stabilized by the formation of both hydrido and olefin bridges to a phosphine-Rh I fragment. The bridging coordination mode of the 2-(pyridin-2-yl)vinyl ligand in organometallic complexes is unusual but not unprecedented [6] .
Complex 2 is very sensitive to oxygen and moisture and even slowly decomposes in CD 2 Cl 2 solutions, so satisfactory elemental analysis could not be obtained. However, the compound has been unambiguous characterized in solution by multinuclear NMR spectroscopy and in the solid state by X-ray diffraction analysis. Figure 1 reports the ORTEP view of 2 and a selection of bond lengths and angles. The complex contains two rhodium centers, Rh(1) with a octahedral environment and Rh(2) with a square planar geometry. The coordination sphere at Rh(1) -formally a Rh III centre -contains two phosphorus atoms in a cis arrangement and one chlorido ligand cis to both P(1) and P (2) . The remaining coordination sites are occupied by the bridging hydrido ligand trans to P(2) and the bidentate κ 2 -C,N 2-(pyridin-2-yl)vinyl moiety with the pyridine nitrogen atom N(48) located trans to P(1). The pyridine ring displays pitch and yaw angles of 3.1º and 7.9º, respectively [4] . The coordination polyhedron at Rh(2) -formally a Rh I centre -is square planar with a T-shaped arrangement of P(3), Cl (2) and H(1) and the η 2 vinyl moiety C(41)-C(42) in the remaining coordination site trans to Cl (2) . The η 2 -vinyl moiety lays out of the coordination plane of Rh (2) , indeed the angle between the least square planes Rh(2)-C(41)-C(42) and Rh(2)-H(1)-Cl(2)-P(3) is 67.5º. Remarkably the short intermetallic distance {Rh(1)···Rh (2) 2.8130(2) Å} should be consequence of the small bridging hydrido ligand rather than of an intermetallic bond or interaction. In addition, π-stacking between the phenyl ring of the phosphine(3) and the pyridyl moiety induces a parallel offset arrangement of the above mentioned aromatic rings [7] (Figure  2 ). More interestingly, pairs of dinuclear complexes are joined together by means of Rh (2) (4), spectrum show three doublets of doublets of doublets of doublets corresponding to the inequivalent phosphine ligands as a consequence of the phosphorus-phosphorus and phosphorus-rhodium couplings (table 1 and Figure 3 ). All three phosphorus atoms couple each other and with both NMR active rhodium centers. The higher coupling constant for each phosphorus resonance corresponds to the directly attached rhodium atom. We assigned that of 176 Hz to the phosphine P(3), attached to the Rh I center, whereas the two others correspond to the phosphines coordinated to Rh III centre { 1 J P-Rh = 115 Hz P(1), 111 Hz P(2)}. Small J P-Rh values were observed with the remote metal atom { 3 J P-Rh = 3 Hz, P(1); 7 Hz, P(2); 10 Hz, P(3)}. Regarding the P-P couplings, the higher one (56 Hz) is attributed to in plane P(2)-Rh I -Rh III -P(3) arrangement. The two phosphines bonded to the Rh III atom coupled each other with a 2 J P-P = 27 Hz, while the smaller value of 3 Hz are observed for the out of plane P(1)-Rh I -Rh III -P(3) interaction. The most characteristic resonance in the 1 H NMR spectrum of 2 is a complex signal at δ -11.40 ppm corresponding to the hydrido ligand which couples with the three phosphorus atoms and the two metals ( Figure 4d ).
1 H{ 31 P} NMR allowed for the determination of two 1 J H-Rh of 17 and 20 Hz, typical for a saturated Rh III -or a square planar Rh I -hydrido complexes (Figure 4c) . The values for the hydrido-phosphorus coupling can be determined via selective 1 H{ 31 P} NMR experiments by irradiation either on the P 1,3 ( Figure 4a ) or P 2 ( Figure 4b ) shifts alternatively, giving rise to 18 and 50 Hz for 2 J H-P(1,3) and 128 Hz for 2 J H-P (2) . In addition, two doublets corresponding to the alkenyl protons were observed in the 1 H NMR spectrum at δ 6.54 and 3.00 ppm with a mutual coupling of 4.8 Hz, indicating a Z stereochemistry and coordination to the metallic center. The Rh-alkenyl μ-η 2 ligand was confirmed by the appearance in the 13 C{ 1 H} NMR spectrum of a multiplet appearing at δ 133.9 ppm, assigned to metallated carbon, and a doublet of doublets of doublets at 59.6 ppm ( In contrast to the formation of the hydrido-alkenyl complex 2, treatment of 1 with 1-vinylpyrazole in the presence of dimethylphenylphosphine (P:Rh ratio of 1:1) did not result in the cleavage of the olefinic C-H bond. Instead, the dinuclear Rh I complex Rh 2 Cl 2 (μ-η 2 ,N 2 C 3 H 3 -1-CH=CH 2 )(PPhMe 2 ) 3 (3) was obtained in which the 1-vinylpyrazole act as a bridge through the C=C bond and a nitrogen atom. Several attempts of isolation of 3 failed and just starting material was recovered indicating that the formation of 3 is reversible. However, complex 3 has been characterized in situ by multinuclear NMR and by a X-ray diffraction analysis on a single crystal. Heating of a sample of 3 resulted in a mixture of unidentified products with trace of hydrido signals.
Crystals of 3 were obtained by evaporation of a C 6 D 6 :CD 2 -Cl 2 solution of the compound and the solid state structure was determined by single crystal X-ray diffraction measurements. Figure 5 reports the ORTEP view of the complex and a selection of bond lengths and angles. The dinuclear complex is supported by two 1-vinylpyrazole ligands with a head-to-tail mutual disposition. Each 1-vinylpyrazole displays a κ-N-η 2 -C,C' coordination mode with the nitrogen bonded to one rhodium centre and the η 2 -C,C' group to the other. To the best of our knowledge, this is the first structurally characterized metal complex featuring such coordination mode. Further, it is worth mentioning that the palladium complex PdCl 2 (κ-N-1-vinyl-3-methyl-pyrazole) 2 [9] and the rhodium derivative RhCl(IPr) (κ-N,η 2 -3,5-dimethyl-1-vinylpyrazole) described by us [4] are the only coordination compounds containing a 1-vinylpyrazole Figure 6A ). In addition these chains are joined together by means of CH···Cl hydrogen bonds ( Figure  6B ) [10] rendering double chains which afford the 3D packing by means of bifurcated CH···Cl hydrogen bonds -namely Cl(2)···H(27)-C(27), Cl(2)···H(21B)-C(21)) ( Figure 6C ).
The NMR data of 3 agrees with the molecular structure found in the solid state. Coordination to rhodium of the alkenyl substituent of 1-vinylpyrazole is reflected in the shielding of signals for the olefinic protons (δ 5.15, 2.00, and 1.78 ppm) in the 1 H NMR spectrum. Indeed two doublets of doublets were observed at 63.5 (J C-Rh = 17.0 Hz, J C-P = 2.5 Hz) and 36.0 ppm (J C-Rh = 17.9 Hz, J C-P = 3.0 Hz) in the 13 C{ 1 H} NMR spectrum. The 31 P{ 1 H} NMR spectrum displays a sole doublet indicating the equivalence of the phosphines.
The different reactivity for 2-vinylpyridine and 1-vinylpyrazole with Rh-phosphine systems could be in principle surprising. However, related to the stability of the new complexes, the higher coordination ability of pyridine compared to pyrazole could explain the reversible process observed for the latter. Indeed, olefinic C-H bond of 1-vinylpyrazole is less acidic than that of 2-vinylpyridine, due to the presence of a nitrogen atom directly attached to the alkene in the former, which may increase the barrier for the cleavage step. The fact that is possible to isolate hydrido-rhodium-alkenylpyridine species in the presence of a small phosphine but not with a bulky NHC may be attributed to the stability of the final complexes and not to the barrier for C-H activation process, which seems to be easy for 2-vinylpyridine, likely due to the directing group effect of nitrogenated group. The putative hydrido-vinyl-rhodium(III) complex formed for NHC systems could revert to Rh I square-planar precursors but is stabilized by the formation of a dinuclear Rh I -Rh III species for phosphine derivatives that were not suitable for a bulky ligand. (1) 159.5(3) o . (C) View of the C(27)-H(27)··· Cl (2) and C(21)-H(21b)··· Cl (2) contacts (red) along with the anagostic CH···Rh contacts (blue). Only the ipso carbon of the P(1)-phenyl ring is shown, H(27)···Cl(2) 2.849(1) Å; C(27)-H(27)-Cl (2) 135.4(2) o ; H(21b)···Cl (2) 2.73(5) Å; C(21)-H(21b)-Cl (2) 150(4) o .
Conclusion
In summary, we have described the synthesis of new rhodium-phosphine dinuclear complexes arising from the distinct reactivity of 2-vinylpyridine and 1-vinylpyrazole. In the case of 2-vinylpyridine C-H activation of the alkene results in the formation a Rh I -Rh III mixed valence dinuclear complex with a bridging hydrido ligand and a 2-(pyridin-2-yl)vinyl moiety as a chelate ligand with one rhodium and as a bridge to the other metal atom via a η 2 -olefin bond. Several anagostic Rh···HC interactions and π-stacking between aromatic rings were found in the solid state. The small size of the phosphine ligand allows for the assembly of a dinuclear structure containing the σ-ligand resulting from the C-H cleavage. In contrast, 1-vinylpyrazole does not undergo a C-H activation process, resulting in the formation of dinuclear species with 1-vinylpyrazole as a bridge via a nitrogen atom and a η 2 -olefin bond.
Experimental section
General Considerations. All reactions were carried out with rigorous exclusion of air using Schlenk-tube techniques. The reagents were purchased from commercial sources and were used as received. Organic solvents were dried by standard procedures and distilled under argon prior to use or obtained oxygenand water-free from a Solvent Purification System (Innovative Technologies). The organometallic precursors [Rh(μ-Cl)(η 2 -coe) 2 ] 2 (1) was prepared as previously described [11] .Chemical Shifts (expressed in parts per million) are referenced to residual solvent peaks ( 1 H, 13 (2) . A solution of 1 (200 mg, 0.279 mmol) in 100 mL of toluene was treated with dimethylphenylphosfine (120 µL, 0.837mmol) and 2-vinylpiridine (30 µL, 0.279 mmol) and stirred for 1 h at room temperature. After filtration through Celite the solvent was evaporated to dryness. Addition of hexane caused precipitation of a red solid, which was washed with hexane (3 x 4 mL) and dried in vacuo. Yield (150 mg, 73%).
1 H NMR (500 MHz, 4:1 C 6 D 6 :CD 2 Cl 2 , 298 K): δ 8.58 (dd, J H-P = 4.6, J H-H = 4.4, 1H, H 6-py ), 7.64, 7.53, and 7.12 (dd, J H-P = 9.0, J H-H = 7.1, 6H, H o-Ph ), 9H, H Ph ), 6.87 (dd, 7.1, 1H, 2 Cl 2 , 298 K): δ 11.11 {dddd, J P-P = 56, 3, J P-Rh = 176, 10, P(3)}, 10.34 {dddd, J P-P = 27, 3, J P-Rh = 115, 3, P(1)}, -1.76 (dddd, J P-P = 56, 27, J P-Rh = 111, 7, P(2)}. In situ formation of Rh 2 Cl 2 (μ-η 2 -N 2 C 3 H 3 -1-CH=CH 2 ) 2 (PPhMe 2 ) 2 (3). A solution of 1 (20 mg, 0.028 mmol) in a mixture of 0.4 mL of C 6 D 6 and 0.1 mL of CD 2 Cl 2 was treated with dimethylphenylphosfine (8 µL, 0.056 mmol) and 1-vinylpyrazole (5 µL, 0.56 mmol). NMR spectra were recorded after 1 h at room temperature. Solid state structure determinations. Intensities were collected using a Bruker APEX (2) or a Bruker SMART APEX-DUO (3) diffractometer with graphite-monochromated Mo Kα radiation (λ = 0.71073 Å) following standard procedures. Intensities were integrated and corrected for absorption effects using the SAINT+ [12] and SADABS [13] programs, included in the APEX2 package. The structure was solved by the Patterson's method. Refinement was carried out by full-matrix leastsquare procedure (based on F 0 2 ) using anisotropic temperature factors for all non-hydrogen atoms. Calculations were performed with program implemented in the WinGX package [15] . 
